Room-temperature ionic liquids (RTILs) are a vast class of organic non-aqueous electrolytes whose interaction with biomolecules is receiving great attention for potential applications in bio-nano-technology. Recently, it has been shown that RTILs dispersed at low concentrations at the water-biomembrane interface diffuse into the lipid region of the biomembrane, without disrupting the integrity of the bilayer structure. In this letter, we present the first exploratory study on the effect of absorbed RTILs on the mechanoelasticity of a model biomembrane. Using atomic force microscopy, we found that both the rupture force and the elastic modulus increase upon the insertion of RTILs into the biomembrane. This preliminary result points to the potential use of RTILs to control the mechanoelasticity of cell membranes, opening new avenues for applications in bio-medicine and, more generally, bio-nano-technology. The variety of RTILs offers a vast playground for future studies and potential applications.
In the last two decades, a new family of ionic compounds, liquid around room temperature and with other peculiar characteristics, has emerged and attracted significant attention for its high tunability and Bgreen^character. These ionic systems comprise an organic cation and either an organic or inorganic anion, and they are known as room-temperature ionic liquids (RTILs) (Welton 1999; Earle and Seddon 2000) . With an initial aim to assess their toxicity, several studies have highlighted a strong affinity between RTILs and biosystems ranging from simple biomolecules to living cells and micro-organisms (Bernot et al. 2005; Pretti et al. 2006; Kulacki and Lamberti 2007) . The results to date highlight on one hand the potential danger of releasing RTILs into the environment, and on the other, a scope for potential applications in bio-nanotechnology (Benedetto and Ballone 2016a, b) .
In this context, one avenue of research that has received special attention concerns the interaction between RTILs and biomembranes, mostly because the cytotoxicity of RTILs has been shown to be positively correlated with their lipophilicity (Ranke et al. 2006 (Ranke et al. , 2007 . An important part of these investigations has been focused on the chemophysical interactions of model biomembranes and RTILs, with the aim to understand the microscopic mechanism behind their toxicity. A review of this subject has been recently published (Benedetto 2017) . It has been shown that the ability of RTILs to create pores and fully disrupt model biomembranes depends on aspects such as the length of the alkali chain of the cation, the hydrophobicity of the anion, and, of course, their concentration. More specifically, it has been highlighted that model biomembranes are disrupted by RTILs dissolved in water at concentrations above their critical micellar concentration (CMC). Below the CMC, however, RTILs do not affect the overall stability of the biomembranes, even after several hours of incubation. Our interest lies in this Blow concentration regime.^In this respect, the first experimental determination of the interaction between model biomembranes and water solutions of RTILs has been performed by Benedetto and co-workers by means of neutron reflectivity (Benedetto et al. 2014 ). In the case of a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) phospholipid bilayer interacting with a water solution of [bmim] [Cl] at 0.5 M, it has been found that cations (i) penetrate in the lipid region aligning their tails to the lipid tails, (ii) account for about 6% of the total bilayer volume This article is part of a Special Issue on 'Ionic Liquids and Biomolecules' edited by Antonio Benedetto and Hans-Joachim Galla. (corresponding to one cation every 5 lipids), and (iii) remain in the bilayer even after rinsing with water.
Even though the presence of cations in the lipid region does not affect the overall stability of the phospholipid bilayer, as determined by neutron reflectometry, the presence of cations could affect the mechanoelastic properties of the bilayer. Molecular dynamics simulations (Benedetto et al. 2015) , for instance, have suggested that the relaxation dynamics of both lipids and interfacial water, as well as the mechanoelasticity of the membrane itself, can be altered by the presence of absorbed RTILs. Recently, by means of quasi-elastic neutron scattering, a specific variation in the dynamics of lipids and hydration water due to the presence of RTILs in the membrane region has been observed (Sharma et al. 2017) . In this letter, we investigate the influence of RTIL incubation on membrane mechanoelasticity. This study is also motivated by the fact that the mechanoelasticity of the cell membrane plays a major role in different biochemical processes, from cell replication to cell migration. Being able to tune these properties, in turn, can have important impacts in several fields of applications, e.g., biomedicine, diagnostic, therapeutics, and, more generally, bionano-technology, as recently reported by Benedetto and Ballone (2018) .
To characterize the mechanoelasticity of model biomembranes before and after incubation with a RTIL/water solution below the CMC, we utilized atomic force microscopy (AFM), a scanning probe microscopy technique that has been successfully used to study the mechanoelasticity of model biomembranes and living cells in different environments (Garcia-Manyes and Sanz 2010; Monocles et al. 2010; Roa et al. 2011; Ferenc et al. 2012; Kilpatrick et al. 2015; Stetter et al. 2016) . AFM is essentially composed of a laser, a photodiode, and a cantilever ending with a sharp tip that acts as the probe and can be used to image the surface of the system and to perform force measurements (Fig. 1) . In our experiments, the force that the AFM tip applied on the surface of the biomembrane is recorded as a function of the distance between the tip and the substrate on which the biomembrane is deposited. By approaching the biomembrane surface, the AFM tip Bfeels^the force due to the interaction between the tip and the surface of the sample. With increasing force, the tip elastically deforms the biomembrane until it ruptures. From the elastic portion of the force-distance curve, the elastic modulus of the biomembrane can be determined. The value of the force at the rupture event is defined as the rupture force and is a measure of the rigidity of the system. The distance between the substrate and the contact point between tip and system surface provides a measurement of the biomembrane thickness (Fig. 1) .
POPC (Avanti Polar) and 1-butyl-3-methyl-imidazolium chloride ([bmim] [Cl]) (Sigma-Aldrich) have been used for the lipid and RTIL components, respectively. Deionized milliQ water with a resistivity of 18 MΩ cm was used both during sample preparation and the AFM experiments. The sample preparation protocol was quite similar to the one adopted in the neutron reflectivity experiment cited above (Benedetto et al. 2014) : 100 nm vesicles were prepared by extrusion and incubated for 20 h on freshly cleaved mica supports, which were then rinsed, resulting in a single bilayer on their surfaces. A RTIL/water solution of [bmim] [Cl] at a concentration of 0.5 M was used. Imaging and force measurements were performed using an MFP-3D AFM (Asylum Research) and V-shaped cantilevers (DNP A, Bruker) with a nominal spring constant and tip radius of 0.35 N/m and 20 nm, respectively. Topographic images were recorded using amplitude modulation AFM. Mechanical measurements were performed using force-volume spectroscopy.
After verifying the quality of the model biomembrane by AFM (Fig. 2a) , a force map was collected on an extended area of its surface, as illustrated in Fig. 1c . Then, the water in contact with the biomembrane was replaced by the RTIL/ water solution, and again the sample quality was checked by AFM (Fig. 2b) . A second series of force-distance curves were then collected after about 1.5 h of incubation. Furthermore, to check the stability of the RTIL-doped biomembrane, a series of force-distance curves were collected up to 4 h after the incubation with the RTIL/water solution (e.g., Fig. 2c-f) . The AFM images of the biomembrane surface before and during incubation with the RTIL/water solution remain basically unchanged following the introduction of RTIL (Fig. 2a-f ). This is in agreement with the neutron reflectivity study of Benedetto and co-workers (Benedetto et al. 2014) , and with the confocal laser scanning microscopy study of Maginn and co-workers (Yoo et al. 2016a, b) , in which for concentrations below the CMC, no effect has been observed on the overall stability of the 2D membrane structure. By analyzing the force-distance curves, thickness, rupture force, and elastic modulus of the undoped and RTIL-doped uniform biomembranes were extracted. The distributions of the thicknesses, rupture forces, and elastic moduli for the undoped and the RTIL-doped biomembranes are shown in Fig. 2g-i . From these distributions, the means and standard deviations were determined. The error in the variation, from undoped to RTIL-doped bilayers, is reported as the mean square deviation of the standard deviation of each observable.
The rupture force of the doped biomembrane increased by 0.5 ± 0.14 nN after about 1.5-h incubation with the RTIL/water solution from 1.0 ± 0.1 nN to 1.5 ± 0.1 nN (Fig. 2g) . This increase could be explained by the penetration of the cations into the lipid region of the bilayer, consistent with neutron reflectivity results (Benedetto et al. 2014) . Similarly, the elastic modulus of the doped biomembrane increased by 18 ± 9 MPa from 30 ± 7 MPa to 48 ± 5 MPa after about 1.5-h incubation with the RTIL/water solution (Fig. 2h) . The elastic moduli for the undoped and the RTIL-doped biomembranes were obtained in the Hertz model approximation using a 20-nm spherical tip (Garcia-Manyes and Sanz 2010; Monocles et al. 2010; Roa et al. 2011; Ferenc et al. 2012; Stetter et al. 2016) . Even though the determination of the absolute modulus strongly depends on fitting parameters and assumptions inherent to the approximation (Kilpatrick et al. 2015) , the relative change between the doped and undoped biomembranes are of interest here.
The thickness of the doped biomembrane increased by 0.5 ± 0.4 nm after about 1.5-h incubation with the RTIL/ water solution from 4.2 ± 0.3 nm to 4.7 ± 0.3 nm (Fig. 2i) . Previous experiments and computer simulations (Benedetto et al. 2014 (Benedetto et al. , 2015 Benedetto 2017) , however, reported that the POPC bilayer thickness reduced by a few Angstroms after incubation with a RTIL/water solution of the same concentration. The increment reported here, determined with AFM, is almost within the error and is also affected by the determination of point (2) in Fig. 1a , which can introduce a non-negligible error. Further experiments may clarify this possible discrepancy.
To check whether the observed variations in rupture force and elastic modulus depend on the used protocol and technique, the same measurement protocol was applied on a second identical biomembrane incubated with just pure water rather than the RTIL/water solution. No measurable variations in rupture force or elastic modulus were observed. Furthermore, to check whether the observed variations are not due to a purely electrostatic effect, the same measurement protocol has been applied on a third biomembrane incubated with a water solution of NaCl at the same ionic strength of the RTIL/water solution used above. The results, not shown here, indicate that the rupture force remains almost unchanged and elastic modulus increases by 35%. As a result, the increment in rupture force and elastic modulus can be associated to the introduction of the RTIL. Given the similarity in the sample preparation for AFM results reported here and previously reported neutron scattering results, establishing that RTIL Fig. 2 a-f AFM height images of a uniform POPC bilayer imaged in milliQ and RTIL/water solution up to 4 h of incubation. g Rupture forces, h elastic moduli, and i thicknesses for the undoped (in blue) and RTILdoped biomembrane after about 1.5 h of incubation (in red). The rupture force and the elastic modulus increase by about 50% upon the penetration of RTIL cations into the biomembrane cations are inserted into the lipid region of the bilayer (Benedetto et al. 2014) , it is reasonable to conclude that the cation insertion is responsible for the increased rupture force and elastic moduli observed here.
From these considerations, the hypothesis that the absorbed cations increase the stress of the biomembrane along its surface and, in turn, the line tension along any existing pore was formulated. As a result, the force needed to nucleate a pore on the biomembrane surface would be higher when doped with RTILs. This tentative explanation could be the reason behind the 50% increment in both rupture force and elastic modulus measured by AFM.
To check the validity of our hypothesis, a second set of AFM experiments have been performed on biomembranes with mesoscopic defects (Fig. 3a) . These defects are stable while the biomembrane is in contact with water (data not shown). However, upon the interaction with the RTIL/water solution, an apparent kinetic process takes place, which leads to the disappearance of the defects, resulting in a nearly uniform biomembrane in about 6 h ( Fig. 3b-f) . By plotting the normalized total area of the defects as a function of time in a logarithmic scale, a linear behavior emerges (Fig. 3g) , meaning that the observed kinetic process follows a power law. The stretched exponent is~1.2, highlighting that the dimension of the process is~1D, in agreement with our hypothesis on the increment of the 1D line tension. Notably, the same trend in increasing rupture force and elastic modulus observed for the uniform system is observed here. For such a bilayer, when a uniform areas are selected, again, a~50% increase in rupture force is observed, in agreement with the result reported in Fig. 2g for the uniform system.
In this letter, we have presented an exploratory study of the mechanoelasticity of a model biomembrane in low concentrations of aqueous RTIL solutions. By means of AFM, we measured a 50% increment in rupture force and elastic modulus upon incubation with a RTIL/water solution. We have formulated a tentative explanation, i.e., the absorbed RTILs increase the stress along the bilayer surface and in turn the interfacial tension, which was supported by a second set of AFM experiments on a biomembrane with defects. Upon interaction with the RTIL/water solution, the defects disappeared over the course of 6 h following a power law behavior, with a value of the stretched exponent supporting our explicative hypothesis. The introduction of the RTIL therefore increases the energetic cost of biomembrane pore formation by an AFM tip. Preliminary measurements, carried out with a low-noise AFM (Fukuma et al. 2005 , Ferber et al. 2011 , Sheikh et al. 2011 , also indicate that on the top of the RTIL-doped system, there is a layer of hydrated Cl − ions instead of the simple water layer as in the case of the undoped system (Fig. 4) . More specifically, for the RTIL-doped system, the Fig. 3 Kinetics of a defective bilayer upon the interaction with the RTIL/ water solution: the bilayer in (a) is at equilibrium, but the addition of the RTIL/water solution starts a kinetic process leading to a less defective bilayer over the course of about 6 h (b-f). g The normalized total area of the defects versus time follows a power law behavior with a stretched exponent of about 1.2, suggesting a 1D process. The dashed orange straight line is the best fit to the experimental data Fig. 4 AFM force-distance curves collected using a low-noise AFM while approaching a POPC bilayer with an AFM tip in milliQ water (blue) and after 1-h incubation in an RTIL/water solution (red) measured layer thickness of the hydration layer closest to the bilayer surface of 0.34 nm is comparable to the one of hydrated Cl − ions (Marcus 1988) . Moreover, the force required to push them away from the doped bilayer is higher than the force needed to push the water layer away from the undoped bilayer. This observation supports the neutron reflectivity results on the insertion of the cation in the bilayer (Benedetto et al. 2014) and proposes a screening effect by the anions. This study represents, to the best of our knowledge, the first investigation of the mechanoelasticity of model biomembranes hydrated in a RTIL/water solution at a RTIL concentration below the CMC. As such, the specific results need to be tested and expanded, for example, to take into account the effects of different lipids, and the RTIL concentration and chain length.
In conclusion, RTILs seem to offer a new and vast playground to change the mechanoelasticity of a biomembrane, and AFM appears to be a suitable technique to probe such changes. Because of the important implications of cell membrane mechanoelasticity, we hope this exploratory study inspires a series of new investigations and discoveries.
